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LIST OF SYMBOLS 
i;^  hemispherical radiant flux incident on specimen 
hemispherical radiant flux emitted by specimen 
eg angular radiant flux emitted by specimen 
e^  normal radiant flux emitted by specimen 
r ^ hemispherical radiant flux reflected by specimen 
IX. detector output proportional to i^  ^
E X. detector output proportional to e^  
R ^  detector output proportional to r^  
Is radiant flux of the source reaching the surface of the specimen 
k-, proportionality constant 
proportionality constant 
proportionality constant 
T temperature °K 
apparent temperature °K 
TQ surrounding temperature 
maximum temperature °K 
C]_ first radiation constant 
Cg second radiation constant 
A]_ area of specimen receiving incident radiation 
A2 total area of specimen 
t time 
X wavelength 
m mass 
iv 
Cp heat capacity 
rj Stefan-Boltzmann constant 
n index of refraction 
a absorption coefficient 
6 angle measured from normal to surface 
d thickness 
k Boltzmann constant 
K composite proportionality constant 
V frequency 
total hemispherical emittance 
spectral hemispherical emittance 
spectral normal emittance at frequency u 
spectral hemispherical absorptance 
CKg spectral hemispherical absorptance for spectral distribution of 
the source of radiant energy 
spectral hemispherical reflectance 
PQ surface reflectivity going from low index to high index 
surface reflectivity going from high index to low index 
P* complex internal reflectivity 
h^A. spectral hemispherical transmittance 
emission coefficient 
J J, emission rate for ideal blackbody radiator 
Iy emission rate for non blackbody radiator 
k ^ absorption coefficient 
microns 
INTRODUCTION 
With growing interest in thermal radiative processes in high tem­
perature engineering applications the need for reliable data on the 
radiative properties of materials is apparent. It has been shown fea-
.sible (1) (2) to tailor these properties to specific applications if 
sufficient information is known. Among the parameters for which data is 
needed, spectral emittance seems to be foremost. 
The rare earth oxides are a class of materials which show promise 
in the area of high temperature technology because of their excellent 
refractory properties. Melting points, mechanical strengths, and chem­
ical inertness alone make these materials attractive. Costs, however, 
render massive refractory shapes of rare earth oxides prohibitive. In 
highly specialized refractory applications, or in the event that these 
oxides can be used as additives to tailor radiative properties of other 
oxides, the role of rare earths as refractory oxides could become very 
important. 
The literature is virtually void of reliable emittance data for 
the rare earth oxides at high temperatures. Recent applications of ce­
ramic materials to space technology have increased the need for emit­
tance data in the visible portion of the spectrum because of the inter­
action of the surfaces of space probes with solar radiation. An earlier 
investigation (3) of the emittance of rare earth oxides revealed rather 
sharp breaks in emittance versus temperature curves for some of tnese 
materials. This investigation was initiated to improve on the data 
gathered earlier and to extend the range of temperatures investigated 
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up to and above the melting points. 
This paper is concerned with the experimental measurement of the 
hemispherical spectral emittance of rare earth oxides. Calculation of 
emittance is possible if the optical parameters of a material are known 
(4) (5). Absorption coefficient or absorption index, index of refrac­
tion, and scattering coefficient are of major importance in these calcu­
lations. These parameters are not only spectrally sensitive but are also 
temperature sensitive and are unknown at high temperatures. The calcu­
lations are further complicated by thermal gradients and nonequilibrium 
conditions such as are found in real applications. High temperature 
emittance, the optical parameter of engineering significance, must there­
fore be determined experimentally. The present state of the art does 
not allow the deduction of the more basic optical parameters from eirû.t-
tance information and thus no inference as to other optical parameters 
is made or implied. 
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NOMENCLATURE 
Emissivity is a term widely used in defining the thermal radiative 
properties of a material. In most instances it is used to define a 
material constant as opposed to a surface parameter. The term emit-
tance is used to indicate the combined effect of the material constant 
and the surface character of a specimen. For oxide materials which are 
partly transparent in the visible portion of the spectrum, the emission 
and absorption of radiant energy of such wavelengths are volume proc­
esses and cannot be characterized by either material or surface con­
stants, In this report the term emittance is used to describe the ratio 
of the rate of emission of thermal energy by an oxide specimen of spec­
ified surface conditions and of sufficient thickness to be opaque to 
that of an ideal blackbody radiator at the same temperature. 
The term spectral emittance is used to represent the emittance 
within a narrow band of wavelengths. Actually the term "band" emittance 
would be more descriptive of the phenomenon involved since measurements 
are made over a finite wavelength interval. The interval can, however, 
be specified by an effective wavelength which is representative of the 
interval or band. It is this effective wavelength which is used to spec­
trally characterize the emittance, 
Emittance is also an angular dependent phenomenon. The angular dis­
tribution of radiation emitted by an ideal blackbody is defined by 
Lambert's cosine law; 
= en cos d 
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and measurement of normal emittance allows the calculation of hemispher­
ical emittance for bodies which obey this relationship by integration 
over 2 IT steridians. For real materials and real surfaces, departures 
from Lambert's cosine law can be significant (6) because of polarization 
and total reflection effects. In this case the relationship between 
normal and hemispherical emittance becomes complex and the calculation 
of one from the other becomes impossible. Hemispherical spectral omit­
tance is reported here and refers to the ratio of the rate of emission 
of thermal energy within a narrow wavelength interval into a solid angle 
of 2 TT steridians to that of a bl ckbody of the same temperature. 
Thermal gradients in the specimens are an inherent characteristic 
of the method used in this report. An exact formulation of temperature 
gradients as a function of time is possible only if all thermal conduc­
tion parameters are known as a function of temperature and several as­
sumptions as to the homogeneity of the specimen are made (?)• In this 
method, however, errors due to thermal gradients are minimized by meas­
uring reflected, incident, and emitted energies as well as temperature 
on the same surface of the specimen. Hemispherical spectral emittance of 
the oxides is reported as a function of the temperature of this surface. 
The methods by which emittances are determined can be divided into 
four rather general groups : 
1, calorimetric 
2, blackbody comparison 
3, power loss 
4, reflectance techniques. 
All of these methods are well referenced in exnittance bibliographies 
(8) (9)» The reflectance method of Comstock (10) was selected for this 
study because of the ease of achieving high temperatures with a carbon 
arc image furnace. Other advantages, however, are equally apparent for 
measurements in the temperature range of this investigation. 
Calorimetric methods require a knowledge of the heat capacity of 
the material being studied. Such information is not available for the 
rare earth oxides at elevated temperatures and thus the method is imprac­
tical in this instance, 
Blackbody comparison is perhaps the most widely used technique and 
undoubtedly yields the most accurate data. Blackbody standards of the 
temperature capabilities needed are not readily available. It is, how­
ever, entirely possible to construct an internal blackbody cavity in the 
specimen but this technique requires thermal equilibrium between the 
cavity and the surface of the specimen. Heating methods used in attain­
ing thermal equilibrium at high temperature require extensive radiation 
shielding and render it virtually impossible to measure the amount of 
radiation truly emitted by the surface of the specimen. Reflected and 
in some cases transmitted radiation appear as emitted. 
Power loss methods are widely used for materials which are electri­
cally conductive. Although the rare earth oxides and zirconia become 
conductors at high temperatures they have negative temperature coeffi­
cients of resistivity. This fact would introduce large temperature 
gradients and make it very difficult to control power input. 
Reflectance techniques normally employ an imaging furnace as both 
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a source of energy for heating the specimen and as the source of radiant 
energy of a selected wavelength upon which reflectance determinations 
are made. These methods have the distinct advantage of elimination of 
errors due to contamination because containers are eliminated. The errors 
due to thermal gradients are also minimized because all measurements of 
incident, reflected, and emitted radiation are performed on the same sur­
face, Thus, to the first order, no thermal gradients are present in the 
sample. Reflectance methods all infer the validity of Kirchhoff's law 
under non-equilibrium conditions. For the case of ceramic oxides this 
inference is valid. See Appendix A. 
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EXPERIMENTAL EQUIPMENT 
The apparatus used in this report was designed and built in the fash­
ion described by Comstock (10). It consists of two major components: an 
arc imaging system for heating the sample and an optical measuring and 
recording system for making measurements. A schematic diagram of the 
system is given in Figure ( 1 ) and a photograph of the entire apparatus 
in Figure (2). A 15 kilowatt Strong Jet Arc arc lamp and a re imaging 
mirror are the main components of the furnace. The furnace portion of 
the apparatus used was designed and built by others (11). The arc is 
imaged by two elliptical mirrors on the surface of the sample which is 
several feet away. The sample to be heated is allowed to act as its own 
container. Furnaces of this type have been often described in the lit­
erature (12) (13), 
The optical measuring system takes advantage of the fact that both 
the arc and the sample are imaged in a plane containing the common focal 
point of the two mirrors. The image of the arc is seen when looking in 
the direction of the arc and similarly the image of the specimen is seen 
when looking in the other direction, 
A system of rotating light pipes is mounted in this crossover plane. 
The light pipes are constructed of two equal length -fused quartz fila­
ments encased in stainless steel tubing and mounted diametrically oppo­
site in a common rotating hub. Each light pipe has an exit port near 
the axis of rotation of the hub. Radiation exiting from these ports is 
measured by a photo sensitive detector. The entrance ports of the light 
a 
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H - Photoelectric detector 
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Figure 1. Schematic diagram of apparatus 
Figure 2, Photograph of emittance apparatus 
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pipes are at the outer ends. These entrance ports are in a plane normal 
to the axis of rotation and face in opposite directions. The entire 
light pipe system is mounted with its axis of rotation parallel to the 
optic axis of the furnace in a position such that the entrance ports pass 
through the crossover point of the furnace as the hub rotates. The ra­
diation issuing from the exit ports is thus composed of alternate pulses 
of radiation received from the arc and specimen. This system is rotated 
by a synchronous motor at 3600 rpm. An opaque rotating chopper which 
periodically blocks the radiation reaching the specimen is mounted be­
tween the intermediate image plane and the arc source. This chopper ro­
tates at 1800 rpm and is synchronized with the light pipe system such 
that on alternate "looks" at the specimen only radiation emitted by the 
specimen enters the light pipe. On the other alternate "look" the spec­
imen is being illuminated and thus both emitted and reflected radiation 
are collected. 
As the entrance ports of the light pipes pass through the crossover 
point of the furnace radiation pulses issue through the exit ports. 
These pulses pass through spectral filters and then strike the surface 
of a photosensitive detector. The detector has an output which is linear 
with the intensity of the pulses of radiationo The output thus consists 
of a series of voltage pulses which are recorded as a function of time 
on an oscilloscope trace which is photographed for a record. This record 
appears as a series of spikes with heights proportional to the amount of 
energy reaching the detector. When the chopper and the light pipes are 
properly synchronized and a sample is in the specimen position, the record 
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is a series of repetitive groups of four spikes: the first proportional 
to the intensity of the arc which in turn is proportional to the radia­
tion striking the specimen; the second proportional to the combined ra­
diation reflected and emitted by the specimen; the third the same a •. the 
first; and the fourth proportional to the energy emitted by the specimen. 
The amplitude of the emitted radiation peaks is used in temperature de­
terminations and must be measured as accurately as possible. Since the 
emitted radiation is usually of much lower intensity than either the re­
flected or incident radiation, a two channel, oscilloscope is used to 
record the signals. The second channel of the oscilloscope is fed the 
same signals as the first but the information is inverted and recorded 
at greater sensitivity. In this manner only the peaks of the signals 
which are proportional to the emitted radiation remain on the screen of 
the Scope, the others falling off scale. A representative photograph of 
the dual channel trace is shown in Figure (3 )• 
Response speed, linearity, and spectral sensitivity are of prime 
importance in selecting a detector to be used in this method. Others 
(14) (15) make use of photomultiplier devices which require elaborate 
voltage control and amplification circuits. A Hoffman model 51C barrier 
type photocell which is approximately 1/2x1 cm, in size and has an out­
put signal of several millivolts is used in this work. The spectral 
sensitivity of such a cell is quite close to that of the human eye ex­
cept it is sensitive for a few millimicrons into the infrared. The 
response is linear with intensity at all wavelengths and the response 
time is in the order of a few microseconds. Such a cell is inexpensive 
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Figure 3» Dual channel oscilloscope trace showing sequence of 
output signals 
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and has the added advantage of extremely simple circuitry. 
The optical filter system consists of a series of five Wratten fil­
ters and infrared absorbing glass. Each of the Wratten filters has a 
narrow band pass in the visible portion of the spectrum and is trans­
parent in the near infrared. The infrared radiation passed by these 
filters is removed by approximately one half inch of infrared absorbing 
glass. The combined absorbance of the Wratten filters plus the infrared 
absorbing glass is shown in Figure (4). This figure is the result of 
absorbance determinations made on a Gary model 14 recording spectro­
photometer . 
The chopper rotating at 1800 rpm is closed for approximately 5 msec, 
during each revolution. During this period of closure cooling of the 
specimen can take place. Provisions are made to rotate the light pipes 
at 20 rpm as the chopper continues to rotate at 1800 rpm to measure the 
magnitude of this cooling, which introduces an error in temperature de­
terminations, This is accomplished by driving the light pipes through 
a gear train with a second synchronous motor. The output of the detector, 
when the device is operated under these conditions and the specimen is 
seen, gives a record of the radiative profile of the specimen surface. 
See Figure (5). During the period of chopper closure the output is pro­
portional to the emitted radiation and varies with time if cooling is 
taking place. Other times the output is proportional to reflected plus 
emitted radiation. Figure ( 6) is this same profile of a water cooled 
magnesium oxide surface. In this case no emitted radiation is detected 
and the profile is that of the image of the arc. 
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PRINCIPLES 
The principles involved in this work require that the output of the 
detector be linear with intensity in order to determine omittance. The 
effective wavelengths of the filters must also be known. A method has 
been devised to measure both the linearity of the detector and the ef­
fective wavelength of a filter with a single set of data. 
The rate at which a body at temperature T emits energy of wave­
lengths in the visible spectrum is given by Wien's law: 
Gyv = CiX"^ /exp (Cb/XTa) (1) 
Wien's law is an approximation of the more precise Planck's law but in­
troduces negligible errors at short wavelengths. If the output of the 
detector is linear with intensity the following equations can be written : 
= K (2) 
E^  = K CiX-5/exp (Cb/XT*) (3) 
In E^  = In K Ci >1"^  - (C^ /X) (1 / T^ ) (4) 
By placing a tungsten filament lamp in the specimen position, varying 
and measuring its apparent temperature, the associated outputs of the 
detector can be plotted as In E^  versus 1/T. If the response of the 
detector is linear suoh plots are linear and the effective wavelengths of 
the filters can be calculated from the slopes of the curves. This was 
done for each filter combination and the linearity of the detector ver­
ified. 
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It should be noted that Equation 4 also gives the relationship be­
tween detector output and apparent temperature. Figure ( yis repre-
sentitive of the curves gathered in this calibration procedure. The 
small departures of the data points from the best straight line indi­
cate that apparent temperatures can be measured by this method with less 
than one percent error. 
When a sample is placed in the specimen position and the arc is 
struck, the temperature of the body increases with time until an equi­
librium temperature is reached. At this time the slope of the heating 
curve becomes zero and the rate of energy input is equal to the rate of 
energy losses. Considering only radiative losses, the differential 
equation of the heating curve is: 
dT/dt = [^ IgAias - Agi? ft - Tob] /mCp (5) 
If the quantity mCp/AgEt is considered to be independent of temperature, 
by integration the heating curve can be shown to be: 
t = (mCp/ZkzV et [tan"^ (T/Tj^ ) + tanh-^ Tx^  -
( 6 )  
tan-l(To/Tj„) - tanh'^ CTo/^ )] 
This equation is shown in graphical form in Figure (8 ). 
ËquAtiens 4 and 6 show that both temperature and datootor output are 
related to time. A plot of detector output versus time, an implicit 
relationship, is given in Figure!( 9), It should be noted that the de-
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tector output becomes very small at temperatures less than approximately 
Tj^ /2. The forms of the curves in Figures 8 and 9 can, however, be used 
to aid in extrapolating to lower temperatures. 
In practice the materials upon which determinations are made con­
sist of a fused surface on a substrate of polycrystaline oxide. The 
thickness of the fused surface varies from approximately 1 to 3 milli­
meters depending upon the material. Since this fused surface is likely 
to be somewhat transparent to visible radiation at all temperatures, 
errors may be introduced in reflectance measurements. 
Consider the model shown in Figure (10). To a first approximation 
the reflectance is equal to the front surface reflectance of the fused 
oxide. To a second approximation to reflectance can be shown to be 
P = PQ + P* 1^(1 - exP (-2ad) (?) 
where P* is a function of the difference of index of refraction of the 
fused and polycrystaline oxide and is small,«1. The quantity 
12 
(1 - Pg)/n is of the order of magnitude of 0,1 for the materials 
measured and even for materials of zero absorption coefficient exp 
(-2ad) can only approach unity. Thus the product of the three quan­
tities is very small and the first approximation is satisfactory, 
A similar argument (l6 ) can be used to show that the errors in tem­
perature measurement arising from radiation originating below the surface 
of the specimen and exiting through the front surface are small. This 
error is further reduced by the fact that the specimen has a large thermal 
gradient and the relative magnitude of the radiation originating below 
I 
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Figure 10, hypothetical reflectance diagram 
23 
the surface is small. Although questioned by some (1?) for the case of 
metals, which are completely opaque solids, Weinstein (18) has shown 
(Appendix A) that the spectral absorptance of a body at a given tempera­
ture is always equal to the spectral emittance of the body at the same 
temperature. This equality is normally deduced from a model which is in 
equilibrium with the radiation field of a blackbody at the same tempera­
ture. V/einstein has shown that the equality is independent of the state 
of the surrounding radiation field. Thus we can write: 
"hx = ^ h\ (8) 
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OPERATING EQUATIONS 
The arc image furnace serves a dual purpose in this method; as a 
source of energy used in heating the specimen, and as a source of incident 
and reflected light used in the determination of emittance. Measurements 
of the intensity of light of a narrow band of wavelengths incident upon 
the surface of a specimen and of the intensity of the same light reflected 
by the specimen allows the calculation of reflectance. From reflectance, 
emittance can be calculated. 
The specimens used in this work are of sufficient thickness to be 
opaque; thus from Kirchhoff's law; 
#h/. + Ph^  = 1 (9) 
and by combining equations 8 and 9 : 
€ hx = 1 - PhX (10) 
Reflectance is defined as; 
Phx = 1 - rjl^ '(11) 
Since the detector outputs and their respective radiant intensities are 
related by the following equations; 
" + ®X - ^2 (Rx + Ex ) (12) 
ex = kg Ex a3; 
i/. = 3^ Ix (14) 
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one can write : 
= kgha, + Ej - E,)]/k3 (15) 
' = 1 - ^ hx = 1 - K ^(Rx + E^ ) - Ex j/l^ (16) 
The value of K may be determined by placing a material of known reflec­
tance in the specimen position and making measurements of arc and re­
flected intensities. Freshly prepared magnesium oxide collected on a 
metallic substrate is often used as a standard of reflectance in the vis­
ible spectrum (19) (20) (21) and is used in this work. The value of 0.98 
is used for the reflectance of MgO. A photograph representative of those 
used in determining the value of K is shown in Figure (11). 
The heights of the peaks due to emitted radiation are used to de­
termine the apparent temperature of the specimen according to equation 4. 
This apparent temperature is in turn converted to true temperature by 
Wein's equation : 
In €hx= Cg/Ji [l/T - 1/Taj (17) 
Figure 11, Oscilloscope trace representative of those used in 
determination of proportionality constant 
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EXPERIMENTAL PROCEDURE 
Cylindrical specimens of the sesquioxides of yttrium, samariura, 
gadolinium, erbium, thulium and ytterbium were fabricated by dry press­
ing the powdered oxides in a tungsten carbide lined steel die at 3000 psi 
with subsequent hydrostatic pressing at 50.000 psi. These specimens were 
approximately 2 cm. in length and 0.8 cm. in diameter. The density of 
the specimens ranged between 60 and 65 percent of theoretical density. 
These oxides were chosen from the rare earth series because of their 
suitability to the method of emittance determination used. Other rare 
earth oxides proved unsuitable because of thermal shock upon rapid heat­
ing. Specimens of zirconium dioxide were also prepared in a similar manner 
and used to compare the results of this method with other methods. 
Before each run the furnace was carefully aligned. The values of 
In kc]_X ^  (See equation 4) and the proportionality constant K (See 
equation 16) were also determined before each run by the method described 
in the previous section. These constants were found to vary from run to 
run and the variance is attributed to slight misalignments and/or a 
change in the reflectance of the elliptical mirrors due to dust deposits. 
The values of In kC]_X.are the intercepts on the In E ^ axis of In E^  
versus 1/T plots. The values of K were determined from photographs such 
as shown in Figure (11). Since the magnesium oxide surface is water cool­
ed, no emitted radiation peaks appear on these photographs. Only two rel­
atively straight lines formed by the locus of points of the peaks corre­
sponding to incident and reflected intensities are observed. The line 
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formed by the closest spaced peaks corresponds to the incident radi­
ation and the other locus of points corresponds to the reflected radi­
ation. The reflected line is higher than the incident line because of 
the difference in losses through the light pipe system. This result is 
by design and was accomplished by masking off part of the exit port of 
the light pipe conducting the radiation received from the arc. This was 
done so that the corresponding peak heights would be approximately the 
same in emittance determinations, thus reducing errors in measurements 
taken from the photographs. 
After the calibration procedure was completed a specimen was placed 
in the specimen position and its surface fused by heating for a few min­
utes. This fusion yielded surfaces which gave reproducible results. 
Following the fusion the sample was allowed to cool before a run was 
made. The rotating chopper and the light pipes were synchronized with 
the aid of a strob-light so that the output of the detector gave the in­
formation needed. The oscilloscope (a Hewlett Packard model 140A) was 
armed for a single sweep and internal triggering. The channels of the 
scope were adjusted to appropriate sensitivities. The arc was then 
struck, allowed to stabilize, and the main shutter opened. The opening 
of the shutter causes an output signal which in turn triggers the sweep 
of the scope. The trace of the scope was recorded on Polaroid film with 
a time exposure. 
Several runs were made for each oxide to check the reproducibility 
of the results. The instability of the arc was found to be the largest 
contributing factor to nonreproducibility. 
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The above process was repeated for each oxide-filter combination and 
the omittance versus temperature curves calculated from the photographs. 
Figure 12 is representative of the photographs obtained. Each of these 
photographs is divided into two parts, each part corresponding to one of 
the two channels of the scope. The upper portion of the photograph shows 
three curves formed by intensity peaks. The lowest of these curves cor- • 
responds to the eniitted radiation as a function of time. The curve formed 
by the locus of points of closest spacing is the result of the arc in­
tensity and the third curve corresponds to the combined reflected plus 
emitted radiation. In the lower half of the photograph only the curve 
corresponding to the emitted radiation appears. This portion of the 
photograph is the same as the upper portion except it is recorded at 
greater sensitivity and inverted. The sensitivity is such that the top 
two curves which appear in the upper half of the photograph are off scale. 
Emittance is determined from the upper half of the photographs, and 
the corresponding temperature is calculated from the lower half. Figures 
12 and 13 are representative of two different types of photographs ob­
tained. Figure 12 shows a break in the reflected radiation curve which 
is the result of a change in emittance with temperature. Figure 13 shows 
no such break indicating only small changes in emittance with temperature. 
A slide rule was constructed to convert the apparent temperatures, 
which are calculated from the height of the emitted radiation curve, to 
true temperatures. The slide rule simply solves equation 17 for varying 
values of and €hx,* A photograph of this slide rule is given in Figure 
(14). In calculating apparent temperatures the results were rounded off 
Figure 13. Representative data trace 
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to the nearest 10 degrees and it is believed that the true temperatures 
attained by reading the slide rule are within this precision limit. 
The oxides studied in this report were prepared at the Ames Labora­
tory of the U. S. A. E. C. and were all of greater than 99.5 percent 
purity"with the major impurities being other rare-earth oxides. Table 
I gives a typical spectrographic analysis. 
Table I. Spectrographic analysis of impurities 
Element Concentration 
(ppm) 
Ca 
Mg 
Si 
Fe 
Na 
Cu 
Ti 
Ta 
Al 
Co 
700 
10 
360 
35 
faint trace 
10 
10 
400 
trace 
Other rare-earths 
35 
800 
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RESULTS 
The results of this investigation are given in Figures 13 through 
21 , The hemispherical spectral emittance versus absolute temperature 
curves at five wavelengths in the visible spectrum are given for a total 
of seven oxides. Four of the seven oxides were studied earlier (3) and 
the results of this earlier investigation are also included. 
The earlier investigation reported the spectral normal rather than 
spectral hemispherical emittance with measurements being made on unfused 
surfaces. Values of incident, reflected, and emitted fluxes were meas­
ured on the same surface as they are in the present investigation but 
temperature was measured at a point in the interior of the specimen and 
thus is probably not representative of the true temperature of the sur­
face. 
The emittance of zirconium oxide has been studied by many (22) (23) 
(24) and was measured here to check the accuracy of the method. The 
values of spectral hemispherical emittance of ZrOg observed are well 
within the limits of reported values and are in quite good agreement 
with recent values reported by Noguchi and Kozuka (24). 
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DISCUSSION 
The method used to experimentally determine the emittances of rare-
earth oxides is essentially that of Comstock (10). It is believed that 
the method of recording detector output in this investigation increases 
the accuracy of temperature determinations. The dual trace technique 
developed in this work allows the emitted radiation to be recorded with 
greater sensitivity than the method of Comstock and thus a greater change 
in output signal amplitude is noted for a given change in temperature. 
Although emittance data is gathered over the temperature interval 
from room temperature to a maximum temperature of approximately 3000°K 
there is no associated temperature data for temperatures below approxi­
mately Tj^  / 2. The results of an earlier investigation (3), which cover­
ed the lower half of this temperature interval, are included for the 
oxides of yttrium, gadolinium, samarium and erbium. 
The oxides of yttrium, gadolinium and ytterbium exhibit very large 
increases in emittance with increasing temperatures. This same type of 
increase is noted for zirconium dioxide, Comstock's work shows this in­
crease in zirconium dioxide although he does not report it in data form. 
The oxides of samarium, erbium and thulium exhibit emittances which 
vary more conventionally with temperature but have unexpectedly high 
emittance values for ceramic oxides. 
The increases in emittance noted in emittance versus temperature 
curves gathered in this study generally occur at higher temperatures and 
are less pronounced than those reported earlier (3). This is undoubtedly 
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due to the existance of a large thermal gradient between the surface of 
the specimen and the position in the interior of the specimen where tem­
peratures were measured in the earlier study. 
Emittance values of white oxides have been found to be quite in­
dependent of surface conditions (25). In light of these findings it is 
interesting to note that there is no apparent change in emittance of 
these rare-earth oxides at their melting points. At the melting points 
there is not only a change in the nature of the surfaces of the specimens 
but also a disappearance of the periodic lattice just below the surfaces. 
Since no changes in emittance and/or absorptance are noted it is con­
cluded that the absorption and emission mechanisms are atomic or elec­
tronic in nature as opposed to mechanisms associated with the optical 
modes of lattice vibrations. 
Although some of these oxides exhibit crystalographic transforma­
tions, the fusion of the surfaces prior to each run'with subsequent rapid 
cooling insures the phase present to be of the high temperature form (26). 
In the course of this investigation a few determinations of emittance 
were made on specimens with unfused surfaces with very minor differences 
in results noted. These findings tend to verify the reports of others 
(25)» that in insulators emittance is primarily a volume phenomenon rath­
er than being associated with the surface of the material. 
Several potential sources of error are present in this method of in­
vestigation. The most apparent ones are enumerated and evaluated quali­
tatively. 
Errors in temperature measurement are primarily due to errors in the 
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experimentally determined emittance values, and the assumption of gray-
body radiation emitted by the tungsten lamp used in calibration. In the 
calibration procedure the apparent temperature of the lamp is determined 
with an optical pyrometer with an effective wavelength of O.65 microns. 
The calibration curves are constructed under the assumption that appar­
ent temperatures at the five wavelengths used in this investigation are 
the same as measured by the pyrometer. Reported emittance data for tung­
sten (27), showing only minor changes of emittance with wavelength, in­
dicates this to be a reasonable assumption. Errors in emittance values 
give rise to errors in temperature but an error of 10 percent in emit­
tance leads to an error of less than 2 percent in temperature. 
Errors in emittance arise from four principal sources; arc instabil­
ity, non-opaque specimens, relative geometric distributions of light re­
flected by the standard of reflectance and the oxide specimens, and cool­
ing of the specimen during closure of the rotating chopper. Arc instabil­
ity error is evidenced by the variation in the peak heights of the de­
tector output corresponding to incident radiation. This error limits 
the reproducibility of the data to approximately plus or minus 3 percent. 
The non-opacity of the specimens allows internally reflected radiation to 
emerge through the front surface of the specimen and causes an apparent 
increase in reflectance. This error is of second order in importance as 
discussed earlier. Also the broadening of absorption bands with in­
creasing temperature reduces the magnitude of this error at high tem­
peratures. Cox (22) reports that at temperatures near the melting point 
only 0.05 inches of zirconia, which is transparent at room temperature, 
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are needed for optical opacity. Errors introduced by the differences in 
the geometric distributions of light reflected by the reflectance stand­
ard and by the oxide specimens are virtually eliminated by collecting 
the reflected light over a full hemisphere and reimaging this hemisphere 
of radiation at the crossover point. Cooling of the surface of the 
specimen during closure of the chopper causes errors in both tempera­
ture and emittance determinations. An analysis of photographs such as 
the one given in Figure (8) indicates cooling of less than 20 degrees 
during the period of closure which gives rise to an error of less than 
1 percent in temperature and a negligible error in emittance. 
The overall accuracy of the method used is estimated to be such 
that errors in emittance values are less than five percent and errors in 
temperature determinations are no greater than 3 percent. 
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CONCLUSIONS 
1. A successful method has been developed for the measurement 
of high temperature hemispherical spectral emittance. Emittance versus 
temperature curves are given for five rare-earth oxides and the validity 
of the method verified by measurement of the emittance of zirconia and 
comparison of the results with those reported in the literature. 
2. The method of Comstock has been modified and improved by in­
corporating a dual channel recording system. The modification allows 
determination of apparent temperature with greater accuracy. 
3. A simple, inexpensive method of photoelectrically measuring 
radiant intensities and apparent temperatures has been developed. 
4. The rare-earth oxides investigated have relatively high emit­
tance values for ceramic oxides, 
5. The oxides of yttrium, gadolinium and ytterbium exhibit emit­
tance s which increase rapidly with temperature. 
6. Mo emittance changes were noted upon melting of the oxides in­
vestigated. 
7. The emittances of the ceramic oxides investigated are only 
slightly dependent upon surface conditions. 
8. Errors associated with the method used were investigated and 
analyzed qualitatively. 
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APPENDIX 
Kirchhoff's law asserts the equivalence of emittance and absorptance 
for a body in thermodynamic equilibrium: 
or Gk = (18) 
This equivalence is normally derived with a model system in which a body 
is in equilibrium with the field of radiation of a black body at the 
same temperature. 
Emission can be regarded as arising from two distinct processes, 
spontaneous and induced. The spontaneous emission depends upon the dis­
tribution of the components of the system over the possible energy states 
and upon the transition probabilities. The induced emission, however, 
depends not only on the energy distribution but is also proportional to 
the radiation field. 
Consider a ray of radiation traveling in the positive "X" direction 
in a semi-infinite body. As it travels it is reduced in intensity by ab­
sorption and strengthened by emission in the same direction. This process 
can be described by defining absorption and emission coefficients, j^ 
and k ^ , such that ; 
dl, /dX = - k, I, + j, (19) 
Since induced emission is coherent with and in the same direction 
as the inducing radiation it may be considered as a negative absorption 
rather than a positive emission. 
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Consider a particularly simple system composed of only two non-
degenerate atomic states and Eg with Eg greater than E^. Let n^ and 
ng be the respective number of atoms per unit volume in the two states. 
The number of transitions per unit time which result in the absorption 
of a quantum of frequency u = (Eg - E2)/h will be: 
"1 Biz I, (20) 
The number of transitions per unit time involving the emission of quantum 
of frequency v is : 
"2 %1 ^ " + ^2 ^ 21 (21) 
where the first term represents the induced emission and the second spon­
taneous emission. The A's and B's are Einstein coefficients, 
1^2 ~ ®21 (22) 
Agi = (2hy3 /c2) /Bi2 ' (23) 
Combining positive and negative absorption terms we can write : 
= K(n^  B-L2 - «2 ^ 21) = (1 - ng/n^ ) (24) 
where K is a constant and = KB]^ "i« The emission coefficient is 
composed of only the spontaneous term and becomes : 
= K ng Agi (25) 
Now assuming a Boltzmann distribution over the energy states ; 
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"l/"2 ~ (hi^ /kT) (26) 
we can write 
(2hy3/C^ ) / exp (hi//kT) - 1 (2?) 
The emission coefficient term of equation 19 can now be written in terms 
of blackbody emission since by definition: 
= (2hy3/c2) / (exp (hi/ /kT) - 1 ) (28) 
which allows equation 27 to be written ; 
j ^ = ky Jy (29) 
Equation 19 now becomes ; 
dl^ /dX — — ky + ky Jy (30) 
Choosing the boundary conditions of no- incident radiation the 
solution of equation 19 becomes: 
I;, = Jy - Ju exp (-kyX) (31) 
Emittance is defined as ; the ratio of the rate of emission 
of a nonblackbody to that of a blackbody at the same temperature. At a 
thickness X = d; 
e = ly / J y = 1- exp (-kyd) (32) 
The term in parenthesis is defined also as the absorptance of a body 
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of thickness (d). Therefore the equivalence of omittance and absorptance 
is proven for the nonequilibrium condition of a freely radiating body. 
For a more detailed and complete argument supporting the above 
premise see reference 18, 
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